Glutamate release from nerve terminals is the consequence of Ca 2ϩ -triggered fusion of small synaptic vesicles with the presynaptic plasma membrane. ATP dependence of neurotransmitter release has been suggested to be founded, in part, on phosphorylation steps preceding membrane fusion. Here we present evidence for an essential role of phosphatidylinositol phosphorylation in stimulated release of neurotransmitter glutamate from isolated nerve terminals (synaptosomes). Specifically, we show that a phosphatidylinositol 4-kinase (PtdIns 4-kinase) activity resides on nerve terminal-derived small synaptic vesicles (SSVs) and that inhibition of the PtdIns 4-kinase activity in intact synaptosomes leads to attenuation of the evoked release of glutamate. The attenuation of transmitter release is reversible and correlates with respective changes in intrasynaptosomal PtdIns 4-kinase activity. Because only the Ca 2ϩ -dependent release of glutamate is affected, regulation appears to be at the level of exocytosis. Taken together, our data imply a mandatory role for PtdIns 4-kinase and phosphoinositide products in the regulated exocytosis of SSV in mammalian nerve terminals.
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Ca 2ϩ -stimulated secretion is now recognized to involve the docking of secretory vesicles with the plasma membrane before the fusion event itself (Scheller, 1995) . E xocytotic membrane fusion is apparently preceded by a series of "priming" steps that render the vesicles f usion competent. Morphologically docked vesicles are thus thought to exist in f unctionally discrete pools (Parsons et al., 1995; Gillis et al., 1996) . In neurons, two phases of stimulated transmitter release have been defined; the first is based on a readily releasable pool of vesicles that respond quickly to high [Ca 2ϩ ] i , whereas the second, kinetically slower component depends on a supply from a pool of vesicles not yet competent for fusion. The priming of the latter represents a downstream Ca 2ϩ -target because [C a 2ϩ ] i decays after stimulation (Rosenmund and Stevens, 1996) . Thus, these and other studies have presented the possibility that, apart from preparation for the immediate response to depolarization, the priming states of secretory vesicles may form the basis of short-term synaptic plasticity (Zucker, 1996) .
Membrane f usion and priming of secretory vesicles are distinct in terms of their ATP dependence. Thus, whereas f usion can occur in the absence of ATP, priming requires the presence of ATP. The molecular basis of the ATP dependence of the latter has been suggested to be at two levels: first, in the ATPase activity of an N-ethylmaleimide-sensitive f usion (NSF) protein involved as a putative chaperone in the regulation of exocytotic membrane interactions [SNARE hypothesis (see Söllner and Rothman, 1994) ], and second, in the formation of phosphoinositides from synaptic vesicle and plasma membrane resident phosphatidylinositol (PtdIns) (De Camilli et al., 1996) . Although the details of the ATP dependence of secretion as suggested in the SNARE hypothesis are currently under debate (Bock and Scheller, 1997) , recent studies have supported the original observations in chromaffin cells implicating phosphoinositides in regulated secretion (Eberhard et al., 1990) . Thus with a PC12 cell model that allows separation of the priming process from the actual membrane f usion , the ATP dependence of priming originates, in part, from the phosphorylation of PtdIns to phosphoinositides. Two cytosolic factors, a phosphatidylinositol transfer protein (PITP) (Hay and Martin, 1993 ) and a phosphatidylinositol-(4)phosphate 5-kinase [PtdIns(4)P 5-kinase] , mediate this phosphorylation. Filling the gap in this cascade, a chromaffin granule-associated phosphatidylinositol 4-kinase (PtdIns 4-kinase) is mandatory for regulated secretion of catecholamines from chromaffin cells (Wiedemann et al., 1996) .
Investigations of the mechanism of transmitter release in nerve terminals by small synaptic vesicle (SSV) exocytosis have largely been focused on the elucidation of protein-protein interactions involved in vesicle docking (Kelly, 1993; Südhof, 1995) . In contrast, the lipids and phospholipids of the membranes that undergo exocytosis have received relatively little attention with respect to their intimate structural and regulatory involvement in secretion. The putative involvement of phosphoinositides in neurotransmission has recently been addressed with the identification of a nerve terminal-associated inositol 5-phosphatase , but the role of phosphoinositides in SSV-mediated neurotransmitter release has thus far not been investigated directly.
In current studies, we demonstrate, for the first time, the presence of a PtdIns 4-kinase activity in an isolated nerve terminal (synaptosome) preparation, an established model for the study of presynaptic modulation of SSV-mediated glutamate release at central synapses . We show that this PtdIns 4-kinase is localized to SSVs derived from synaptosomes and that the reversible inhibition of kinase activity by pharmacological manipulations correlates with the reversible attenuation of glutamate release. Our data therefore invoke a role for polyphoinositides in the ATP-dependent priming of SSVs in nerve terminals.
MATERIALS AND METHODS
SSV preparation. C erebral cortices of 10 rats were homogenized, and a crude SSV fraction (L P 2 ) was prepared according to Huttner et al. (1983) . The P 1 fraction, which contained intact cells, nuclei, and cell debris, was discarded. The P 2 crude synaptosomal fraction was washed and hypotonically lysed by a 1:10 dilution in ice-cold water. The lysate was centrif uged at 25,000 ϫ g to form a pellet of mitochondria, dense plasma membrane vesicles, and postsynaptic densities, whereas the SSVs of the supernatant were collected by centrif ugation at 165,000 ϫ g (L P 2 ). Fractionation of this crude SSV fraction was performed on continuous sucrose gradients (50 -800 mM, 36 ml). Gradients were centrif uged at 65,000 ϫ g for 5 hr at 4°C. Six gradient fractions, I-V I (from top to bottom), were collected and analyzed for (1) protein content (Bio-Rad DC protein assay, Bio-Rad, Hercules, CA), (2) membrane-bound PtdInskinase activity (mPtdIns-kinase), (3) solubilized PtdIns-kinase activity (sPtdIns-kinase), and (4) the presence of vesicle-associated membrane protein (VAM P)/synaptobrevin and Na ϩ /K ϩ -ATPase (␣-subunit). Immunoblot anal ysis. Samples of sucrose gradient fractions (30 g of protein) and immunoprecipitated SSV were separated by SDS-PAGE and transferred to nitrocellulose. VAM P/synaptobrevin and the ␣-subunit of Na ϩ /K ϩ -ATPase were detected by polyclonal antibodies, and synaptophysin was detected by monoclonal antibodies (all at 1:1000) using an enhanced chemiluminescence reporter system (Amersham, Arlington Heights, IL) as described by Hodel et al. (1994) .
Immunoprecipitation of SSVs. Monoclonal anti-synaptophysin antibodies (3 mg) (Sigma, St. L ouis, MO) were adsorbed to protein G-Sepharose beads (0.5 ml) (Pharmacia, Piscataway, NJ). Antibodies were conjugated to the beads by addition of dimethylpimelinimidate (final concentration, 20 mM) for 2 hr at room temperature. After a 1 hr incubation in 0.2 M ethanolamine, the beads were washed several times with PBS (137 mM NaC l, 2.7 mM KC l, 1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 0.5 mM MgC l 2 , 0.9 mM CaCl 2 ) and then once in PBS containing 10 mg /ml BSA. They were then resuspended and stored as a 50% slurry in PBS. Control protein G-beads were treated identically but in the absence of antibodies.
For immunoprecipitation of SSVs, sucrose gradient fractions were diluted with PBS to obtain a protein concentration of 0.7 mg /ml. Aliquots (50 l) were mixed with 100 l PBS and precleared by incubation with 50 l of control protein G-beads. After a 90 min incubation at room temperature, beads were removed by centrif ugation at 500 ϫ g, and the supernatant was used for (1) analysis of PtdIns-kinase activity, (2) immunoprecipitation with 25 l of anti-synaptophysin beads, (3) control precipitation with 25 l of protein G-beads, and (4) analysis for the presence of VAM P/synaptobrevin and Na ϩ /K ϩ -ATPase (␣-subunit). After an overnight incubation at 4°C, beads were washed several times in PBS. They were either resuspended in 220 l of buffer and used for assay of mPtdIns-kinase activity or boiled in SDS-gel sample buffer and analyzed by PAGE and immunoblotting as described above.
P tdIns-k inase assays. The mPtdIns-kinase assay was performed according to Husebye and Flatmark (1988) with some modifications. Briefly, samples from sucrose gradient fractions (35 g protein /assay) or immunoprecipitated SSVs were assayed in kinase buffer (30 mM H EPES, pH 7.0, 0.1 mM EGTA, and 5 mM MgC l 2 ) containing 0.5 mM [␥- 32 P]-ATP (10 C i /assay). After 10 min at room temperature, phosphorylation of endogenous lipids by the membrane-bound kinases was stopped by addition of ice-cold chloroform /methanol /1 M HC l (20:40:1). Lipids were extracted and analyzed on thin layer chromatograms and a Phosphorimager as described previously (Wiedemann et al., 1996) . Results were standardized for the protein concentration of each sample.
The detergent-solubilized sPtdIns 4-kinase activity in sucrose gradient fractions or synaptosomes was assayed in vitro as described previously (Susa et al., 1992; Wiedemann et al., 1996) . Synaptosomes were incubated under conditions parallel to those used in the release experiments. At the end of the release period, they were pelleted and proteins were extracted in 1% N P-40 in ice-cold buffer [25 mM Tris, pH 7.4, 10% glycerol, 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride, 10 M leupeptin, 5 M aprotinin, 20 mM NaF, and 1 mM vanadate]. Sucrose gradient fraction proteins were similarly extracted. K inase assays were performed in a final volume of 50 l in assay buffer (25 mM 3-[Nmorpholino]propanesulfonic acid, pH 7.0, 5 mM MgC l 2 , 1 mM EGTA, and 0.1% N P-40) with 10 l of a 1:10 dilution of the respective protein extracts, 1.7 g/l exogenous phospholipids (brain extract type I, Sigma), and 60 M [␥-32 P]-ATP (10 C i /assay). After 10 min, the reaction was stopped by addition of 400 l of 1 M HC l, and lipids were extracted and analyzed by thin-layer chromatography as described previously (Wiedemann et al., 1996) .
32 P-labeling of lipids on chromatograms was quantitated using a Phosphorimager (Molecular Dynamics, Sunny vale, CA).
Synaptosome preparation and glutamate release. Rat cerebrocortical synaptosomes were purified on Percoll gradients as described previously (Sihra, 1997) . Synaptosomal pellets were resuspended in incubation buffer (10 mM H EPES, pH 7.4, 140 mM NaC l, 5 mM KC l, 5 mM NaHC O 3 , 1.2 mM NaH 2 PO 4 , 1 mM MgC l 2 , 10 mM glucose) at a protein concentration of 0.25 mg /ml and incubated in a stirred cuvette at 37°C in a Perkin-Elmer L S3B spectrofluorometer (Perkin-Elmer, Emery ville, CA). C aC l 2 was added after 3 min of incubation. To measure C a 2ϩ -independent glutamate release, C aC l 2 was excluded, and 0.2 mM EGTA was added 1 min before stimulation. Glutamate release stimulated by 30 mM KC l, 3 mM 4-aminopyridine (4AP), 1 mM/30 mM BaC l 2 /KCl, or 5 M ionomycin, was assayed by on-line fluorometry as described previously (Nicholls and Sihra, 1986) . C alibration and quantitation of release were performed using exogenous glutamate standards (5 nmol) (Sihra et al., 1992 . Phenylarsine oxide (PAO) (Sigma) and 2,3-dimercaptopropanol or British Antilewisite (BAL) (Sigma) were added from 200-fold concentrated stock solutions in DMSO as indicated in the legends to the Figures.
RESULTS
To determine the importance of PtdIns phosphorylation in neurotransmitter release, we followed PtdIns 4-kinase activity in subcellular fractionation leading from homogenates of cerebral cortices through to purification of synaptosomes and subsequently to purified SSVs (Huttner et al., 1983) . Measurement of the phosphorylation of endogenous PtdIns revealed a membraneassociated PtdIns 4-kinase activity enriched in the crude synaptosomal fraction (P 2 ). This mPtdIns 4-kinase activity was found to co-purify with SSVs when synaptosomal lysates were resolved on sucrose gradients. The relative amount of SSVs present in gradient fractions I-VI was determined by immunoblot analysis using antibodies to VAMP/synaptobrevin and synaptophysin (not shown), whereas the relative contamination by plasma membrane was determined by antibodies directed to the ␣-subunit of Na ϩ / K ϩ -ATPase (Fig. 1a) . Quantitation of relative mPtdIns 4-kinase activities revealed a parallel distribution of this activity and the SSV-marker VAMP/synaptobrevin throughout the sucrose gradient, with the peak for the two parameters occurring in the same fraction V (Fig. 1a,b) . The mPtdIns kinase assay was specific for measuring PtdIns 4-kinase activity, because PtdIns 3-kinase activity is inhibited in the presence of 0.1% NP-40 used in our assay (Susa et al., 1992) . Notably, the PtdIns 3-kinase inhibitor wortmannin (Arcaro and Wymann, 1993; Okada et al., 1994 ) had no effect on glutamate release in our experiments (data not shown). When subcellular organelles in gradient fractions were solubilized and PtdIns kinase activities toward exogenously added substrates were measured, the sPtdIns 4-kinase activity was found to co-purify again with SSV (Fig. 1c) . In addition, the presence of a sPtdIns(4)P 5-kinase activity could be detected in the fractions enriched in ␣-Na ϩ /K ϩ -ATPase (Fig. 1c) . Although the sPtdIns 4-kinase and sPtdIns(4)P 5-kinase activities were not mutually exclusive in any one sucrose gradient fraction, the peaks of the two activities clearly coincided with the relative enrichment of SSV and plasma membranes, respectively.
To confirm the specific localization of PtdIns 4-kinase activity to SSVs, we compared the PtdIns 4-kinase activity in two sucrose gradient fractions enriched in either VAMP/synaptobrevin or ␣-Na ϩ /K ϩ -ATPase. In these experiments, we immunopurified SSV using an antibody to synaptophysin, an intrinsic SSV membrane protein (Navone et al., 1986) , and assayed the mPtdIns 4-kinase activity. Vesicles immunoprecipitated from the fraction enriched in VAMP/synaptobrevin contained no detectable ␣-Na ϩ /K ϩ -ATPase immunoreactivity (Fig. 2 a, A) but were significantly enriched in synaptophysin. Under the same conditions, relatively few synaptophysin-containing vesicles were immunoprecipitated from the sucrose fraction enriched in ␣-Na ϩ /K ϩ -ATPase (Fig. 2 a, B) . Accordingly, the level of mPtdIns 4-kinase activity detectable in the immunoprecipitates paralleled the amount of synaptophysin precipitated rather than the contaminating ␣-Na ϩ /K ϩ -ATPase. We next determined whether the PtdIns 4-kinase present on SSV could be inhibited by PAO, an inhibitor of PtdIns 4-kinase activity and of catecholamine secretion (Schäfer et al., 1994; Wiedemann et al., 1996) . Addition of 270 M PAO to sucrose gradient-purified SSVs during the assay significantly inhibited the formation of PtdIns(4)P by the membrane-associated kinase activity (Fig. 3) . When fractions enriched in sPtdIns(4)P 5-kinase were used (Fig. 1) , the lack of effect on PtdIns(4,5)P 2 production (data not shown) suggested a specificity of PAO-mediated inhibition to PtdIns 4-kinase activity.
Having established an inhibitory effect of PAO on the SSVassociated PtdIns 4-kinase activity, in the following series of experiments we examined the role of PtdIns 4-kinase activity in neurotransmitter release from isolated nerve terminals. We stimulated glutamate release from cerebrocortical synaptosomes using a number of paradigms, in the absence and presence of pretreatment with PAO. Total glutamate release triggered by KCl-mediated depolarization was decreased by 70% after pretreatment of synaptosomes with 20 M PAO for 10 min (Fig. 4 a,  i) . When glutamate release was stimulated using 4AP (Tibbs et al., 1989; Sihra et al., 1992 , 20 M PAO caused a 60% decrease in total glutamate release (Fig. 4b, i) . In contrast, PAO had no significant effect on the Ca 2ϩ -independent release (cytosolic efflux) of glutamate induced by either KCl or 4AP (Fig. 4a , ii, and b, ii, respectively); hence subtraction of Ca 2ϩ -independent release from the total release of glutamate revealed that PAO treatment effected a complete inhibition of the Ca 2ϩ -dependent component of glutamate release (Fig. 4 a, iii, b, iii) . Furthermore, when Ca 2ϩ was substituted with Ba 2ϩ , Ba 2ϩ / KCl-evoked glutamate release was decreased by 50% in the presence of 20 M PAO (Fig. 5a ). This not only confirms the specific effect of PAO on exocytotic release, it also rules out the possibility that PAO mediates its effect through the inhibition of a Ca 2ϩ /calmodulin-dependent enzyme, because it is known that Ba 2ϩ binds poorly to calmodulin (Chao et al., 1984) . Finally, the action of PAO on glutamate release was not simply caused by an effect of the inhibitor on an ion-channel activity upstream of exocytosis, because when direct entry of Ca 2ϩ was mediated using ionomycin, glutamate release was once again attenuated in the presence of PAO (Fig. 5b) . Experiments with ionomycin and Figure 1 . Localization of a membrane-associated PtdIns 4-kinase activity on SSVs. Crude SSV preparations were f urther purified on a continuous sucrose gradient. Six fractions (I-V I, from top to bottom of the gradient) were collected and analyzed. a, Separation of SSV from contaminating plasma membrane was demonstrated by immunoblot analysis of 30 g of protein of each fraction. SSV and plasma membranes were detected by the use of antibodies to the marker proteins VAM P/synaptobrevin and the ␣-subunit of Na ϩ /K ϩ -ATPase, respectively. SSV accumulated in fractions IV and V, whereas most of the plasma membrane was recovered in the first fraction. The two bands at 140 and 100 kDa detected by the antibodies to Na ϩ /K ϩ -ATPase in fraction I represent the heterodimer of the ␣-and ␤-subunits, and the ␣-subunit monomer, respectively. b, Membrane-associated PtdIns 4-kinase activity within the sucrose gradient peaked in fractions III-V, enriched in SSVs and devoid of plasma membrane. Relative mPtdIns 4-kinase activity was measured by incubation of aliquots from fractions I-V I without addition of exogenous substrate. Phosphorylation of membrane-derived PtdIns was determined by separation of labeled phospholipids on thin layer chromatograms. PtdIns(4) 32 P was quantitated and expressed in arbitrary units. c, Solubilized PtdIns-kinase activity was determined in 1% N P-40 extracts of aliquots of fractions I-VI. When extracts were incubated with [␥-32 P]ATP (10 Ci/assay) and exogenous phospholipids as substrate, PtdIns (4) 32 P 4 (top panel ) and PtdIns(4,5) 32 P 2 (bottom panel ) were formed. Relative amounts were quantitated and displayed as described for b. Distribution of sPtdIns 4-kinase and sPtdIns(4)P 5-kinase activity followed the distribution of the SSV-marker VAM P/synaptobrevin and of the plasma membrane marker Na ϩ /K ϩ -ATPase, respectively. those in Figure 4 are not strictly comparable quantitatively. This is because depolarization-dependent release is mediated by localized C a 2ϩ entry, through voltage-dependent C a 2ϩ channel, and as such is efficiently coupled to glutamate release, whereas ionomycin effects delocalized C a 2ϩ entry and is thus a relatively weak secretagogue (Sihra et al., 1992) . Nevertheless, the data with ionomycin do serve to suggest that PAO interferes with Ca 2ϩ -dependent release of neurotransmitter at a step between Ca 2ϩ influx and exocytotic membrane f usion.
PAO can be removed from its targets using small dithiol compounds (Z ahler and C leland, 1968) , thereby allowing reversal of its inhibitory effects. Accordingly, glutamate release from PAO-blocked synaptosomes was partially restored with 2,3-dimercaptopropanol (BAL) (Fig. 6) . Treatment with 20 M PAO for 20 min decreased the total KC l-evoked glutamate release to 30% (Fig. 6a , ii) of control release (Fig. 6a, i) . Sequential treatment of synaptosomes with 20 M PAO followed by 100 M BAL resulted in the recovery of glutamate release to 65% of controls (Fig. 6a, iii) , whereas treatment with BAL alone had no effect (Fig. 6a, iv) .
To demonstrate that the inhibition of release by PAO was mediated through its effect on PtdIns 4-kinase, we determined lipid kinase activity under the conditions of our release experiments. The lack of sufficient starting material and the likely loss of any inhibitory effects of PAO during purification precluded the direct determination of PtdIns 4-kinase activity associated with SSV derived from synaptosomes in release studies. Instead, immediately after release experiments, we detergent-treated synaptosomes and measured the total extracted PtdIns 4-kinase activity (Fig. 6b) . These experiments revealed that control PtdIns 4-kinase activity (Fig. 6b, i) was inhibited by 80% in the presence of PAO (Fig. 6b, ii) . Significantly, it was evident from these experiments that PtdIns 4-kinase activity and glutamate release varied in concert. Thus, in correlation with the recovery of glutamate release, the PtdIns 4-kinase activity of PAO-inhibited synaptosomes was also partially rescued (to 62% of control activity) by subsequent treatment with 100 M BAL (Fig. 6b, iii) ; BAL alone had no effect on kinase activity (Fig. 6b, iv) .
DISCUSSION
We examined the involvement of phosphoinositides in the exocytosis of SSVs from isolated nerve terminals (synaptosomes) purified from rat cerebrocortex. Kinase activities leading to the generation of phosphorylated species of PtdIns, namely PtdIns(4)P and PtdIns(4,5)P 2 , were apparent in synaptosomes. Using assays designed to detect phosphorylation of endogenous PtdIns by membrane-associated kinases, we have identified a major PtdIns 4-kinase activity localized to SSVs. Although synaptosomal PtdIns 4-kinase activity was evidently also detectable in plasma membrane fractions, where it is presumably used in Figure 2 . Immunoprecipitation of PtdIns 4-kinase activity with SSVs. a, Aliquots of sucrose gradient fractions enriched in SSVs ( A) or contaminated with plasma membranes ( B) were incubated with monoclonal antibodies to synaptophysin covalently linked to protein G-beads or with protein G-beads alone. The vesicles precipitated were analyzed by immunoblotting using antibodies to synaptophysin and the ␣-subunit of Na ϩ / K ϩ -ATPase as described for Figure 1a . Lanes 1 and 4 display aliquots of the two fractions used for immunoprecipitation (1/10 of the starting material used for immunoprecipitation was loaded). Lanes 2 and 5 show minor unspecific binding of SSV to protein G-beads alone, whereas lanes 3 and 6 demonstrate complete and incomplete removal, respectively, of contaminating plasma membrane. b, The amount of mPtdIns 4-kinase activity, although rather small after precipitation, correlates with the amounts of SSV precipitated (lanes 3 and 6 ) . Much of the mPtdIns 4-kinase activity present in the starting material (lanes 1 and 4 ) was lost during the precipitation protocol, but the experiment clearly demonstrates that the remaining activity is not derived from the plasma membrane. phospholipase C -dependent pathways, we confirmed the presence of an SSV-associated PtdIns 4-kinase activity in immunoprecipitated SSVs devoid of plasma membrane contamination. In view of our previous observation that vesicle-associated PtdIns 4-kinase activity can be inhibited by PAO (Schäfer et al., 1994; Wiedemann et al., 1996) , we studied, in parallel, the effect of this inhibitor on synaptosomal PtdIns 4-kinase activity and glutamate release. We demonstrate that PAO suppresses C a 2ϩ -dependent glutamate release evoked with a number of stimulation paradigms and that suppression of transmitter release occurred concomitantly with the inhibition of PtdIns 4-kinase activity. The lack of effect of vanadate, a tyrosine phosphatase inhibitor, on glutamate release (data not shown) implies that the reported effect of PAO on tyrosine phosphorylation does not play a role in the modulation of secretion (Wiedemann et al., 1996) . Taken together, our results suggest that an SSV-associated PtdIns 4-kinase may be essential for sustaining the capacity of nerve endings to secrete neurotransmitter during repetitive stimulation.
Although PtdIns 4-kinase activity has been demonstrated previously in chromaffin granules (Phillips, 1973; Wiedemann et al., 1996) , coated vesicles (Campbell et al., 1985) , and glucose transporter 4 (GLUT4)-containing transport vesicles (Del Vecchio and Pilch, 1991) , our study is the first invoking the production of phosphoinositides on SSVs that mediate fast synaptic transmission. In examining the role of phosphoinositide metabolism in vesicle dynamics, the production of PtdIns(4,5)P 2 might be considered to be a key event, in view of its relative abundance compared with PtdIns(3,4,5)P 3 or PtdIns(3,4)P 2 and observations that the asymmetric concentrations of PtdIns(4,5)P 2 may be as high as 2 mol % in the cell membrane (Liscovitch et al., 1994) . Figure 4 . Attenuation of KC l-and 4AP-evoked glutamate release in synaptosomes by phenylarsine oxide. Synaptosomes were incubated in the presence of 0.5% DMSO or 20 M PAO for 10 min, and glutamate release was evoked by ( a) 30 mM KC l (KCl) or (b) 3 mM 4-aminopyridine (4AP), either in the presence of ( i) 1 mM Ca 2ϩ (total release) or (ii) 0.2 mM EGTA (C a 2ϩ -independent release), with (iii) being the C a 2ϩ -dependent component of release (total release minus C a 2ϩ -independent release). Release in the presence of PAO is depicted with a thick er line trace. Results are mean Ϯ SEM of results obtained from at least three independent synaptosomal preparations per condition.
Furthermore, although PtdIns(3,4,5)P 3 has also been implicated in a number of signaling cascades, wortmannin, a PtdIns 3-kinase inhibitor, had no effect on glutamate release from synaptosomes.
In the current model of priming of the release machinery, PtdIns(4,5)P 2 is assigned a central role, although the details of this f unction have yet to be elucidated. It is thought that PtdIns(4,5)P 2 is formed through the concerted activity of soluble PITP, membrane-bound PtdIns 4-kinase, and cytosolic PtdIns(4)P 5-kinase (Martin, 1997) . Consistent with this model, we show that a SSV-associated PtdIns 4-kinase phosphorylates endogenous PtdIns in purified SSVs (Fig. 1b) . In these mPtdInskinase assays, the lack of phosphorylation of PtdIns(4)P to PtdIns(4,5)P 2 implies either that there is no significant PtdIns(4)P 5-kinase activity tightly associated with SSV or that its activity depends on co-factors lost or destroyed during SSV purification. Interestingly, however, when SSVs from the same sucrose gradient fractions were solubilized and used in sPtdIns kinase assays with exogenous phospholipids added as substrate, PtdIns(4)P 5-kinase activity was found largely in parallel with the plasma membrane Na ϩ /K ϩ -ATPase immunoreactivity, but with some activity also associated with SSVs (Fig. 1c) . Although this may be caused by an increase in sensitivity attributable to the supply of much more substrate to the assay, it may also suggest that detergent solubilization either releases a soluble PtdIns(4)P 5-kinase entrapped in plasma membrane vesicles or activates a kinase associated with both plasma membrane vesicles and SSVs.
Although PtdIns(4,5)P 2 production in the plasma membrane (e.g., as a substrate for phospholipase C) is not in doubt, the question as to where PtdIns(4,5)P 2 is essential for the priming of docked secretory vesicles is still the subject of debate. In the proximity of the docking site, localization of PtdIns(4)P 5-kinase on both plasma membrane and SSVs may well turn out to be essential for the concerted action of the enzymes involved in PtdIns(4,5)P 2 production (Liscovitch et al., 1994) . Measurement of intrasynaptosomal PIP 2 production, with all the players in appropriate compartments, would be the most direct way of examining this hypothesis, but 32 P-orthophosphate labeling of synaptosomes produces background levels of phospholipid labeling that are unworkably high. Notwithstanding this, the dependence of glutamate release on PtdIns 4-kinase activity (Fig. 4) , taken together with demonstration of an SSV-associated PtdIns 4-kinase activity, clearly reveals the first step toward PtdIns(4,5)P 2 production to be crucial for SSV exocytosis.
PtdIns 4-kinase and downstream PtdIns(4,5)P 2 production could regulate glutamate release by mediating two different types of modulatory influences, the first involving the breakdown of PtdIns(4,5)P 2 [by phospholipase C (PLC)] to second messengers (diacylglycerol and InsP 3 ) and the second involving direct actions of PtdIns(4,5)P 2 or higher phosphorylated intermediates. We have shown previously that modulation of glutamate release by diacylglycerol substitutes, phorbol esters, through protein kinase C (PKC) activation, occurs with 4AP stimulation but not with KCl-mediated depolarization (Barrie et al., 1991; Coffey et al., 1993) . Our observation that KCl-evoked release is effectively inhibited by PAO therefore argues against the observed effect being caused by attenuation of PKC activity as a consequence of reduced levels of substrate PtdIns(4,5)P 2 for PLC. In other experiments, we have shown that intrasynaptosomal Ca 2ϩ stores do not support glutamate release (Nicholls et al., 1987) ; thus it is unlikely that an alteration in the levels of InsP 3 is the basis of PAO-mediated inhibition of glutamate. In the absence of evidence that metabotropic influences of PtdIns(4,5)P 2 breakdown affect release, our experiments invoke potential direct roles of PtdIns(4,5)P 2 itself, or higher phosphorylated derivatives.
A role for PtdIns(4,5)P 2 in an ATP-dependent priming step preceding exocytosis was invoked from studies showing that the breakdown of this phospholipid with phospholipase C (Eberhard et al., 1990; Hay et al., 1995) or its occlusion with antibodies led to inhibition of secretion. The mechanism by which PtdIns(4,5)P 2 acts remains the subject of debate. It is known that PtdIns(4,5)P 2 is a positive regulator of phospholipase D (Brown et al., 1993; Liscovitch et al., 1994) , which produces phosphatidic acid during stimulation by the small GTP-binding protein ADP-ribosylation factor (ARF) (Cockcroft et al., 1994) . These observations, taken together with others showing that phosphatidic acid in turn stimulates PtdIns(4)P 5-kinase (Moritz et al., 1992; Jenkins et al., 1994) , have led to the hypothesis that membrane microdomains enriched in PtdIns(4,5)P 2 and phospha- tidic acid are produced at the expense of phosphatidylcholine and PtdIns, when PtdIns(4,5)P 2 and ARF-containing vesicles interact with plasmalemmal phospholipase D (Liscovitch et al., 1994) . In support of this scenario, a recent report suggests that the ARF protein involved in the secretion of catecholamines in adrenal chromaffin cells (Morgan and Burgoyne, 1993) might be ARF6, shown to be present on the secretory granules of these cells (Galas et al., 1997) .
Our experiments describing the presence of an SSV-associated PtdIns 4-kinase in synaptosomes provides evidence for a phosphoinositide cascade leading to the production of PIP 2 being involved in transmitter release. Numerous studies have indicated that although exocytosis is an extremely rapid event, judging by the observed vesicle recycle times of 90 -110 sec (Ryan et al., 1993; Reid and Bewick, 1997) , endocytosis is a slower process, particularly under conditions of intense stimulation (Smith and Betz, 1996) . In the current study, because the release of glutamate immediately after stimulation is most affected by PAO, we believe that this reflects an effect of PtdIns 4-kinase inhibition on the exocytotic limb of the synaptic vesicle cycle. Our experiments, however, do not exclude the possibility that PtdIns 4-kinase activity persisting in endosomal compartments also plays a role in SSV endocytosis.
Presuming that PtdIns(4,5)P 2 and phosphatidic acid production represents the basis of ATP dependence of priming, the question remains as to the precise mechanism(s) involved. The presence of phosphatidic acid would make vesicles fusogenic (Koter et al., 1978) , and negatively charged phospholipids, by virtue of their radical physical effects on the membrane structure, may well induce vesicle-fusion competence (Sheetz and Singer, 1974) . On the other hand, the negative charges of PtdIns(4,5)P 2 head groups would tend to tighten the curvature of the vesicles and thus by destabilizing stalk intermediates between fusing membranes may rather inhibit fusion (Chernomordik, 1996; Martin, 1997) . It is not clear which, if either, of these mechanisms is operational physiologically, but if the latter situation were to prevail, it would necessarily require proteins that bind PtdIns(4,5)P 2 to relieve the inhibition and allow fusion to proceed. In this respect, the prime candidate for such a role is the vesicular membrane protein synaptotagmin, which not only binds PtdIns(4,5)P 2 through its Figure 6 . Parallel inhibition and recovery of glutamate release and PtdIns 4-kinase activity. Synaptosomes were incubated with DMSO or PAO for 10 min followed by DMSO or BAL for a f urther 10 min. Glutamate release was measured as described for Figure 4 . a, (i-iv), Total KC l-evoked glutamate release. b, (i-iv), sPtdIns 4-kinase activity in protein extracts of synaptosomes. Treatment with (i, iv) 0.5% DMSO or (ii, iii) 20 M PAO for 10 min, as described for Figure 4 , was followed by treatment with (i, ii) 0.5% DMSO or (iii, iv) 100 M BAL for 10 min. Results are mean Ϯ SEM of results obtained from at least three independent synaptosomal preparations per condition.
C2B domain but notably shifts its avidity from PtdIns(3,4,5)P 3 to PtdIns(4,5)P 2 as C a 2ϩ concentrations are raised to those that would be achieved during cell stimulation (Schiavo et al., 1996) . Although the aforementioned forms a working hypothesis for the priming actions of PtdIns(4,5)P 2 , the picture is undoubtedly more complex in view of the known interactions of this phospholipid with proteins containing pleckstrin homology (Harlan et al., 1994) and C2 (Bazzi and Nelsestuen, 1991) domains, as well as others (Martin, 1997; Toker and C antley, 1997) . In this context, interactions with dynamin, a protein intimately involved in endocytosis (De C amilli et al., 1996) and a number of components of the cytoskeleton (see Martin, 1997) , may prove to be very significant.
The requirement of phosphoinositides in priming originally suggested from results obtained in neuroendocrine cells (Eberhard et al., 1990; Hay et al., 1995) has now been supported by the data presented above with respect to SSV exocytosis. Moreover, recent genetic studies attributing secretory mutations to lesions in genes for PI TP (Hamilton et al., 1997) , PtdIns 4-kinase (Carvajal et al., 1996) , and PtdIns(4)P 5-kinase (Z hang et al., 1995) have confirmed the importance of phosphoinositides in the ATPdependent priming in exocytic vesicles. Finally, protein-lipid interactions mediated by phosphoinositides may be involved additionally in the recruitment of cytoskeletal (Janmey, 1994) , cytosolic (Bazzi and Nelsestuen, 1991; Harlan et al., 1994) , or membrane-associated proteins (Fukuda et al., 1994) to participate in the transport, stabilization of docking, or actual fusion of synaptic vesicles. Determination of the precise details of phosphoinositide involvement in membrane f usion processes presents the next major challenge in the elucidation of the mechanism of neurotransmitter release.
